Root auxanometers were used to determine the growth rates of individual intact primary roots accurately and quickly. The growth of pea (Pisurn sativum L.) roots was inhibited by both indoleacetic acid and ethylene within 20 minutes. A supramaximal concentration of ethylene inhibited root growth less than did 5 to 20 ,uM indoleacetic acid, indicating that inhibition of root growth by auxin was not due only to indoleacetic acidinduced ethylene production. Inhibition of root growth was largely relieved within 60 minutes of removal of both growth regulators.
Treatment of roots with IAA leads to an inhibition of elongation (9) . Root growth can be inhibited also by treatment with ethylene, a response similar to other ethylene-mediated phenomena in that it has a half-maximal concentration requirement of 0.1 ,ul liter' of the gas and can be reversed by CO2 (2, 3, 8) . Chadwick and Burg (3) presented evidence to suggest that a large part of the IAA-induced inhibition of growth of excised pea root tips and virtually all such growth inhibitions of intact pea roots are the result of IAA-dependent ethylene production. In contrast, Andreae et al. (1) presented data which suggest that there are marked differences between the effects of added IAA and ethylene on pea root growth. In an attempt to resolve some of the apparent conflicts in the interpretation of these data, we have re-examined the effects of the regulators on extension growth of pea roots using root auxanometers that allow the rapid, simultaneous determination of the growth rates of a large number of intact seedlings.
MATERIALS AND METHODS
Pea seeds (Pisum sativum L. var. Thomas Laxton) were soaked in water for 10 to 12 hr, planted in vermiculite, and grown at 26 to 27 C in the dark for 2 days. Uniform seedlings with straight roots 2 to 3 cm long were selected and washed in 1 mm Ca(NO,),, 5 mm KH,PO, pH 6.3. For mounting a seedling in the root auxanometer, the seed coat was removed, and the cotyledons were blotted dry with paper tissue.
Root Auxanometer. Root elongation of an intact pea seedling was measured with a root auxanometer. The apparatus (Fig. 1) , a redesign of the Neilson Jones apparatus (6) tube to a scale reading of 10 mm, then moving the seedling holder wire up so that the root was free of the buffer surface and then lowering the holder until the root tip just touched the buffer surface.
Root elongation was measured as follows. Buffer was slowly drawn into the measuring tube until the root tip just cleared the buffer surface, and then the buffer was allowed to drain back into the auxanometer vessel at 1-mm scale intervals until the root tip touched the buffer surface. After reading the measuring tube, the buffer was allowed to drain freely into the vessel. After a convenient time interval, usually between 5 and 10 min, the measurement procedure was repeated.
As the root grows downward into the buffer, more and more buffer must be removed into the measuring tube to reach the point of contact between the root tip and the buffer surface. The magnification involved is equal to the internal crosssectional surface area of the auxanometer vessel divided by the internal cross-sectional surface area of the measuring tube. Our root auxanometers with internal vessel dimensions of 30 mm X 80 mm and measuring tubes of 6 mm i.d., have a magnification factor of 84.8. Absolute growth of roots was calculated by dividing the changes on the measuring tube scale by the magnification factor. Using clean apparatus and the above procedure, measuring tube scale readings could be repeated within 15 sec to the nearest 0.5 mm. Routinely, the measuring tube scale readings were plotted versus time. Straight lines were fitted by eye to these plots using at least four points and then the actual growth rates in mm hr-1 were calculated. All root growth measurements were conducted with the auxanometers on a solid laboratory bench, at room temperature (22 to 25 C) and with ambient fluorescent laboratory lighting. One investigator can operate 15 auxanometers in one experimental trial.
Addition and Removal of Growth Regulators. Ethylene was added to the gas phase (140 ml) by injecting 0.14 ml ethylene for a nominal final concentration of 1000 1ul liter-'. To remove ethylene, the auxanometer lid was detached from the vessel and resealed to a new vessel containing 80 ml of fresh buffer. For IAA treatments, 2.8 ml of the 80 ml of buffer were removed with a syringe and replaced with 2.8 ml of concentrated IAA to give final concentrations of 5, 10, and 20 puM. The to an extreme angle incident to the buffer surface so that elongation was no longer measured reliably. Growth rates were determined for each seedling and the calculated means (Table  I) were then fitted to the scatter of points in Figure 3 . Initial growth rates of the pea roots were fairly uniform ( Fig.  3 and Table I ). Ethylene at 1000 ,ul liter' caused a mean inhibition of 32% while IAA at 5 to 20 p.M inhibited growth by a mean of 44 to 66%, respectively. The inhibition of growth due to either ethylene or IAA was largely reversible within the 2-hr period tested. Linear growth rates were observed about 50 to 60 min after removal of ethylene or IAA. Seedlings treated with 5 puM IAA exhibited growth stimulation, after removal from the auxin, ranging from 9 to 43% above the initial rate. Recovery of growth from 10 and 20 /.M IAA was to a mean of 92 and 83%, respectively, while for ethylene the mean recovery was to 82% of the initial growth rate.
DISCUSSION
The use of the root auxanometer allows the rapid determination of the growth rates of roots of a number of intact seedlings. A single investigator can run adequate controls in each experiment. The growth rates of buffer-treated roots in the present study ranged between 0.2 and 0.66 mm hr-', but most grew at rates of 0.33 to 0.47 mm hr-' and these were selected for experiments. These rates are somewhat faster than the mean rates of 0.23 to 0.35 mm hr-' for root tips used by Chadwick and Burg (2, 3). Using the root auxanometers, root growth rate determinations could be made without using sucrose supplements in the growth medium and were free of possible complications arising from the effects of severance. Excision of root tips causes a rapid and significant decline in the growth rate (Horton and Rauser, unpublished data). The degree of inhibition caused by various ethylene and auxin treatments was less than those obtained in previous studies (1-3). This may be related to the absence of massive absorption via the cut surfaces inherent in the use of excised root tips. The effects of various auxin concentrations on root growth is, in part, dependent on the volume of the treatment solutions  (1-3) . In the present study, auxin uptake could occur only in the terminal 1 mm of the root tip, although the available absorptive surface is increased as the root grows into the treatment solution. The tips of roots are momentarily free of the treatment solutions during each measurement period. The entire seedling is exposed to ethylene during the periods of treatment with the gas.
Plant Physiol. Vol. 55, 1975 Both IAA and ethylene cause an inhibition of root growth. The change in rate of root growth is detectable 10 min after treatment with the regulators and reaches a new steady state value within 20 min (Fig. 2) . This is in agreement with earlier reports that root growth was inhibited by IAA within 15 min (5) and by ethylene in less than 1 hr (2). The present study allows us to determine the rate of change directly without resorting to extrapolation from datum points from longer term experiments. The degree of inhibition by auxin is dependent on the concentration (Table I) . However, the degree of inhibition by the high concentration of ethylene (1000 ,ul liter-') used was less than that caused by the lowest concentration of IAA (5 /.M). The 1000 ,ul liter' ethylene used in this study is clearly far in excess of that to which pea roots might normally be exposed, but the use of this concentration allows us to conclude that IAA inhibition of intact root growth is not mediated entirely by enhanced ethylene production.
The inhibitory effects of IAA and ethylene are largely reversed when the roots are removed from the presence of the regulators supplied for 1 hr (Fig. 3) . Andreae et al. (1), while showing that the inhibition caused by a 16-hr treatment with IAA was fully reversible when root tips were transferred to IAA-free solutions, also found that the inhibition caused by ethylene over this time period was almost totally irreversible. In contrast, Chadwick and Burg (3) have shown that inhibition caused by ethylene is largely reversed within 2 hr of removal of the gas. In the present study, pea roots with uniform initial growth rates responded variably to ethylene (Fig. 3) , but there was a general inhibition of growth to 68% of the initial value. There was a similarly reversible response to the removal of gas after the 1-hr treatment period and a mean growth rate recovery to 82% of the initial rate in 30 to 60 min. The responses to ethylene in this system are comparable to those demonstrated for intact etiolated pea stems (10) where 10 ul liter' ethylene caused a growth inhibition with a latent time of 6.4 + 2.3 min and a latent time to recovery after ethylene removal of 20.9 + 3.0 min.
Roots of pea seedlings which have been inhibited with auxin during a 1-hr treatment period can partially reverse this inhibition and achieve a new steady growth rate during the 1st hr of treatment with fresh buffer (Fig. 3) . Raising the IAA concentration increases the degree of inhibition and also increases the variability of that inhibition and the degree and variability of recovery. The variability in response pattern is probably related to variations in absorption, desorption, and IAA destruction rates between individual roots. This study has shown that both IAA and ethylene can inhibit root growth of intact pea seedlings within 20 min of treatment and that this inhibition is largely reversible within 1 hr of the removal of the regulators. The fact that very high levels of ethylene are not as effective in this system as low levels of IAA suggests that IAA inhibition is not entirely mediated by ethylene. In recent years a great deal of effort and ingenuity has gone into the design and construction of various devices that will measure accurately rapid growth responses of shoot tissue (4, 6, 8) . We hope that the reintroduction, after more than half a century, of this simple and versatile root auxanometer will promote a similar interest in the rapid growth responses of root tissue. 
